In this paper, we study the fast and noise-resistant population transfer, quantum entangled states preparation, and quantum entangled states' transition by constructing the shortcuts to adiabatic passage (STAP) for multiparticle based on the approach of "Lewis-Riesenfeld invariants" in distant cavity quantum electronic dynamics (QED) system. Numerical simulation demonstrates that all of the schemes are fast and robust against the decoherence caused by atomic spontaneous emission and photon leakage. Moreover, not only the total operation time but also the robustness in each scheme against decoherence is irrelevant to the number of qubits. This might lead to a useful step toward realizing the fast and noise-resistant quantum information processing in current technology.
I. INTRODUCTION
Quantum information processing (QIP) has demonstrated an important development in recent years. A crucial prerequisite for QIP is the ability to generate and manipulate various highly nonclassical and entangled states which are fundamental for demonstrating quantum nonlocality [1, 2] . There are two widely used methods for generating and manipulating the entangled states with external interacting fields. One is fixed-area resonant pulses route * E-mail: xia-208@163.com [3] [4] [5] , and the other one is adiabatic method [6] [7] [8] in which total Hamiltonian H(t) depends explicitly on time. Generally speaking, to drive the system evolution with the simple time-independent fixed area resonant pulses may be fast, but the schemes are difficult to implement because all parameters need to be informed and the interaction time is required to be controlled exactly. Moreover, the fidelities are highly sensitive to the fluctuations of parameters. The adiabatic passage is robust to the fluctuations of parameters, whereas, a long evolution time is demanded. In other words, a slow change of H(t) with time guarantees each instantaneous eigenstates of H(t) evolves along itself all the time without converting to other states and ensures that the adiabatic passage technique is realized. Otherwise, the evolution of the system would be unpredictable and the fidelities of the target states could be degraded. However, in a real situation, when the required evolution time is too long, the method will be useless because the dissipation caused by decoherence, noise, and losses on the target state increases with the increasing of the interaction time. There are many instances that we would like or need to quicken the operations in experiment. An idea method to generate and manipulate various entangled states should be fast, robust and easy realized with the current technology. Combining the best of the resonant pulses route and adiabatic method, accelerating the dynamics of adiabatic passage towards the final outcomes is a perfect way to realize fast and noise-resistant population transfer, quantum entangled states preparation, and quantum entangled states transition under the current technology. "Shortcuts to adiabatic passage" (STAP) [9] [10] [11] which is recently and timely introduced to describe schemes that speed up a quantum adiabatic process usually, although not necessarily, through a non-adiabatic route, has attracted a great deal of attention and promises to overcome the harmful effect caused by decoherence, noise or losses during a long operation time. In recent years, various reliable, fast, and robust schemes have been proposed in finding shortcuts to an slow adiabatic passage in theory [9, [11] [12] [13] [14] [15] [16] and in experiment [17] [18] [19] [20] [21] [22] . For example, Chen et al. [9] have put forward a scheme to speed up the adiabatic passage techniques in two-and three-level atoms. Later, they have also proposed a scheme [14] to perform fast population transfer (FPT) in three-level systems with the help of the invariant-based inverse engineering and the resonant laser pulses. However, it worth noticing that although many methods for STAP have been realized in the internal states of a single atom in different systems, it is very hard to directly generalize these ideas to two-and multi-particle cases. In view of that we are led to ask if it is possible to construct STAP for multiparticle systems. In this scenario, Lu et al. [23] have proposed a scheme to implement the FPT and fast maximum entanglement preparation between two atoms in a cavity QED based on the transitionless quantum driving proposed by Berry [16] . Then, Lu et al. [24] have also put forward another scheme to realize the fast quantum sate transfer between two three-level atoms using the invariant-based inverse engineering in a cavity QED. In 2014, motivated by the quantum Zeno dynamics, Chen et al. [25] have constructed shortcuts for performing the FPTs of ground states in multiparticle systems with the invariant-based inverse engineering [14] . This scheme is not only implemented without requiring extra complex conditions, but also insensitive to variations of the parameters.
We note that refs. [23] [24] [25] [26] have successfully introduced STAP into cavity QED systems which concern the interaction of atoms and photons within a cavity and are very promising and highly inventive for QIP [27] [28] [29] [30] . However, they [23] [24] [25] [26] all assume the case that all the operations are implemented in only one place, for example, a cavity QED. In view of the requirements for long-distant quantum computation and quantum information processing, it is desirable to extend the approach to distant cavities system. But, when it comes to more complex systems, for example, multi-cavity-fiber-atom combined system, the above schemes [23] [24] [25] [26] are useless. That is, new designs are required in a complex situation.
In fact, constructing STAP for multiparticle in cavity-fiber-atom combined system is very complicated since it is difficult to look for a Hamiltonian operator I(t) (i∂ t I(t) = [H(t), I(t)]) that is related to the original Hamiltonian H(t) but drives the eigenstates {|Ψ n (t) } exactly.
Therefore, until now, this problem has not been addressed.
In this paper, we use the approach of "Lewis-Riesenfeld (LR) invariants" to construct shortcuts to speed up the rate of the quantum population transfer, the quantum entangled states generation, and the quantum entangled states transition for multiparticle in multicavity-fiber-atom combined system. That is, we first study how to construct STAP by inverse engineering for N (N ∈ {1, 2, 3, · · · , +∞}) atoms which are trapped in N distant optical cavities, respectively. Then we use STAP to realize the fast and noise-resistant quantum population transfer, Bell states [31] , Greenberger-Horne-Zeilinger (GHZ) states [32] and W states [33] preparation, and entangled states transition [34] [35] [36] [37] [38] in spatially separated cavities which are connected by fibers. Compared with previous works, the present schemes have the following advantages. First, the FPT, the fast quantum entangled states generation, and the fast quantum entangled states transition for multiparticle in spatially separated atoms can be achieved in one step. Secondly, our schemes are not only fast, but also robust versus variations in the experimental parameters and decoherence caused by atomic spontaneous emission and photon leakage. In fact, further research shows that, both the total operation time and the robustness against decoherence in each of the schemes is irrelevant to the number of qubits.
The paper is structured as follows. In Sec. II, we briefly describe the LR phases. In Sec.
III, we construct STAP for FPT in a system with two spatially separated atoms trapped in different cavities which are connected by a fiber through designing resonant time-dependent laser pulses by invariant-based inverse engineering. In Sec. IV, we use STAP to fast prepare Bell state, GHZ state, and W state in two distant cavities which are connected by a fiber. In Sec. V we generalize the schemes in Sec. IV to implement the fast entangled state transition.
In Sec. VI, we give the numerical simulation and discussion for our schemes. The conclusion appears in Sec. VII.
II. LEWIS-RIESENFELD PHASES
We would like to give a brief description about the LR theory [39, 40] . We consider a timedependent quantum system whose Hamiltonian is H(t). Associated with the Hamiltonian there are time-dependent Hermitian invariants of motion I(t) that satisfy
For any solution |Ψ(t) of the time-dependent Schrödinger equation ih∂ t |Ψ(t) = H(t)|Ψ(t)
), I|Ψ(t) is also a solution, and |Ψ(t) can be expressed as a linear combination of invariant modes
where C n is the nth constant, |φ n (t) is the nth eigenvector of I(t) and the corresponding real eigenvalue is λ n . The LR phases α n fulfill
III. FAST POPULATION TRANSFER IN TWO SPATIALLY SEPARATED ATOMS
For the sake of the clearness, as shown in Figs. 1 (a) and (b), we first assume that two (N = 2) Λ-type atoms are trapped in two distant optical cavities c 1 and c 2 which are connected by a fiber, respectively. Each atom has an excited state |e and two ground states |f and |g . The atomic transition |f k ↔ |e k (k = 1, 2) is resonantly driven by the kth laser pulse with the time-dependent Rabi frequency Ω k (t) and the transition |g k ↔ |e k resonantly couples to the kth cavity mode with the ordinary coupling constant λ k . Ω k (t) and λ k are assumed to be real in the following for simplicity. In the short-fiber limit, Lτ /(2πc) ≪ 1 [41, 42] , where L denotes the fiber length, c denotes the speed of light, and τ denotes the decay of the cavity field into a continuum of fiber mode, only one resonant fiber mode interacts with the cavity mode. The Hamiltonian of the whole system in the interaction picture can be written as (h = 1)
λ k |e k g|a k + H.c.,
where a k is the annihilation operator for the kth cavity mode, b † f is the creation operator for the fiber, and v is the coupling constant between the fiber and the cavites. We assume the initial state is |ψ 0 = |f 1 |g 2 |0 c 1 |0 c 2 |0 f , the whole system evolves in the subspace spanned by 
are the eigenvectors of H im corresponding eigenvalues
And we obtain
Through solving the eigenvalue equation of H re , the instantaneous dark state is given by:
In light of adiabatic process, we know when the adiabatic condition θ 0 |∂ t θ m =0 ≪ ξ m is fulfilled, where |θ l and ξ l (l = 0, 1, · · · , 6) denote the instantaneous eigenstates and eigenvalues of H re , respectively, the initial state undergoes the evolution decided by Eq.
(8). However, the simplest way of speeding up the evolution is to construct nonadiabatic processes for the system. The states |θ m =0 are no longer completely negligible but required for the STAP process. Actually, most of the eigenstates are still completely negligible ( θ 0 |∂ t θ m =0 ≪ ξ m is fulfilled), only |θ 1 and |θ 2 whose eigenvalues ξ 1 and ξ 2 are closest to zero have the chance to participate in the evolution, otherwise, the dynamic is far different from adiabatic passage that we can no longer name it "shortcuts to adiabatic passage". 
One can find from Eq. (7) 
, and we set χ ≫ Ω 1 (t), Ω 2 (t), λ so that we can perform the unitary transformation U = e −iH 0 t . By discarding the terms with high oscillating frequency χ, an effective Hamiltonian is obtained
In fact, setting χ ≫ Ω 1 (t), Ω 2 (t), λ is helpful to shorten the operation time because when v is too small, traversing of photons between the cavities and the fiber will be very difficult which increases the interaction time. Through analyzing the proportions of the base vectors in Eq. (10) in the eigenstates |Θ 1 and |Θ 2 , where |Θ 1 and |Θ 2 are the eigenstates whose eigenvalues are closest to zero of H ef f , the relation between the proportions of the states |φ 0 and |µ 1 is given:
We assume v = g = 1 as a typical example here in order to simplify the analysis. In general,
to transfer the population from the initial state |ψ 1 to the target state |ψ 7 via adiabatic passage, the form of Rabi frequencies can be chosen as Ω 1 (t) = Ω 0 sin β and Ω 2 (t) = Ω 0 cos β,
where Ω 0 denotes the amplitude of the laser pulse and β is a time-related parameter. In this 
It is obvious that when r 2 ≫ 1, the population of the state |µ 1 is far less than that of the state |φ 0 . That means when r 2 ≫ 1, the state |µ 1 is considered as negligible since the state |φ 0 is only limited populated during the evolution [25] . Then the whole system can be divided into two parts which are independent of each other: the main subsystem S m = {|ψ 1 , |ψ 7 , |φ 0 } and assistant subsystem S a = {|µ 2 }. And the Hamiltonian for the main subsystem is
Then, as H m possesses SU(2) dynamical symmetry [44] , the invariant Hermitian operator I(t) which satisfies i∂ t I(t) = [H m , I] can be easily given [13, 25] 
where χ 0 is an arbitrary constant with units of frequency to keep I(t) with dimensions of energy, γ and β are both time-dependent auxiliary parameters. Through solving the relation
, Ω 1 and Ω 2 are obtained,
,
where the dot represents a time derivative. The general solution of the Schrödinger equation i∂ t |ψ = H m |ψ with respect to the instantaneous eigenstates of I(t) is written as
where α n are the LR phases mentioned in Sec. II and |θ n are the instantaneous eigenstates of I(t)
To transfer population from the initial state |ψ 1 to the target state −|ψ 7 , a simple choice for the parameters is
where ǫ is a time-independent small value and t f is the interaction time. And we obtain
In the present case, when t = t f ,
where α = π/(2 sin ǫ) = |α ± |. Hence, when we choose α = 2Nπ (N = ±1, ±2 · · · ),
Meanwhile, in the assistant subsystem S a , the timedependence population of the state |µ 2 is mainly dominated by the dark state evolution [25] , and when t = t f , its population becomes zero and the dark state also evolves into the state −|ψ 7 . That is, with joint efforts of both the subsystems, the whole system fast evolves from the initial state |ψ 1 to the final state −|ψ 7 .
IV. FAST ENTANGLED STATES PREPARATION IN TWO SEPARATED CAVITIES WHICH ARE CONNECTED BY A FIBER A. Bell states
In this section, we will put forward two methods to generate Bell states via the STAP proposed in Sec. III. The first method is simple and easy. We only have to introduce an auxiliary ground state |a not interacting with other states in the atom 1 as shown in Fig. 1 (c) and set the initial state as follows
where |ψ a = |a 1 |g 2 |0 c 1 |0 c 2 |0 f . Similar to the FPT in Sec. III, the term |f 1 |g 2 |0, 0 c 1 ,c 2 |0 f will evolve along the STAP constructed above while the other term |a 1 |g 2 |0, 0 c 1 ,c 2 |0 f will remain the same. The evolution of the system is governed by the Hamiltonian in Eq. (4) . With the parameters we chosen, when t = t f , the final state of the system becomes
When we choose ǫ = arcsin 1/(4N), Eq. (22) becomes the maximally entangled state
As the second method for generating a two-atom maximally entangled state, we trap two atoms in the cavity c 2 while others are unchanged (the set-up diagram and the atomic level configuration for each atom are similar to that in Sec. III). In this case, the Hamiltonian in the interaction picture for the whole system is
Ω n (t)|e n f | + H.c.,
λ n a 2 |e n g| + H.c.,
and the closed subspace is spanned by
There are two eigenstates with null eigenvalues for the intermediate Hamiltonian
we orthogonalize these states and obtain a special dark state |S 0 which will evolve into an independent subspace while other states remain unchanged: 
where
It is obvious that Eq. (26) equals to Eq. (7). The method used to construct the STAP in Sec. III also applies to the present three-atom system. Therefore, with the Rabi frequencies in Eq. (19) , when t = t f , the system evolves from the initial state |ζ 1 to the final state |̟ f .
Meanwhile, the two atoms in the cavity c 2 are turned into a maximally entangled state:
B. M -atom Greenberger-Horne-Zeilinger states
Actually, the present STAP method in Sec. IV A can be generalized to build an M-atom (M ∈ {1, 2, 3, . . . , +∞}) GHZ state. We trap atom 1 and atom M in cavities c 1 and c 2 , respectively. The other M − 2 atoms are discretionarily trapped in the two cavities. The atomic level configuration is as the same as we mentioned in the first STAP method for
Bell-state generation. An assistant ground state |a is also required for each atom. We assume atom M is initially in the state |g and the rest atoms are initially in an (M − 1)-atom GHZ state
In this case, the term |a, g, g, · · · , g 1,2,3,··· ,M −1 |g M will remain the same during the evolution. And since the state |a is only an assistant ground state, atoms 2, 3, · · · , M − 1 are actually irrelevant to the evolution, only |f, g 1,M participates in the evolution. Therefore, the whole system can be regarded as an effective two-atom system which is similar to the first method for Bell-state generation. The shortcut is constructed easily by setting the Rabi frequencies Ω 1 (t) and Ω M (t) as the form of Eq. (19) . Similarly, when t = t f , the final state is obtained:
There is no doubt that by choosing ǫ = arcsin (1/4N) (N = ±1, ±2, · · · ), Eq. (29) becomes an M-atom GHZ state:
If we switch off the classical field Ω M , the state |f M also can be regarded as an assistant ground state |a M . An M-atom GHZ state is generated by using an (M − 1)-atom GHZ state. And the transition (|f ↔ |g ) of the atom 1 can be driven by a classical laser field without question. Therefore, when we trap one more Λ-type atom whose initial state is |g in the cavity c 2 , the present M-atom GHZ state can be converted into an (M + 1)-atom GHZ state.
We will show how to generate M-atom W entangled state via STAP in this section. The model we used is nearly the same as that in Sec. III except that we trap M identical Λ-type atoms in the cavity c 2 . In a typical setup with neutral atoms in the cavity at least several microns apart direct interaction between the atoms in the cavity c 2 are negligible. The
Hamiltonian of the whole system in the interaction picture can be written as
where subscripts p denotes the atom which is trapped in the cavity c 1 and n (n ∈ [1, M])
denotes the nth atom which is trapped in the cavity c 2 . For simplicity, we assume Ω n (t) = Ω s (t) and λ n = λ s . Since the atoms in the cavity c 2 are indistinguishable, each atom could be excited by the photon which is emitted from the atom trapped in the cavity c 1 with the same probability; we can describe the excited state of the atoms in the cavity c 2 as
The transition |Φ e ↔ |Φ g is coupled to the cavity mode with an effective coupling strength √ M λ s , where |Φ g = |g, g, · · · , g 1,2,··· ,M . In case of Ω n = Ω s , |Φ e might be driven to
Then we assume the initial state is |Φ 0 = |f p |Φ g |0, 0 c 1 ,c 2 |0 f , the whole system evolves in the subspace spanned by
In this subspace, the Hamiltonians H al and H ac can be written as
When we choose λ p = √ M λ s = λ and
the total Hamiltonian in the present system equals to the Hamiltonian in Eq. (4). The dark state for this system is given by:
where |µ 2 = (−|Φ 3 + |Φ 5 )/ √ 2 is the intermediate state.
And we have to make it independent from the whole system by setting limiting condition which is similar to Eq. (11).
Then the shortcuts are easily constructed as the same as what we do in Sec. III, and the evolution of the system is approximatively described as
C n e iαn |θ n (t) .
When t = t f , the final state becomes |Φ(t f ) = −|Φ 7 , meanwhile, the M atoms in the cavity c 2 collapse to the M-qubit W state
V. FAST TRANSITION OF TWO-ATOM ENTANGLED STATE VIA
SHORTCUTS TO ADIABATIC PASSAGE
In the following, we discuss the fast transition of the entangled state from the cavity c 1 to c 2 via STAP. In this section, we assume that there are four identical atoms, where two of them are trapped in the cavity c 1 and the other two are trapped in the cavity c 2 . The atomic level configuration is the same as that in Sec. III. Hence, the Hamiltonian of the present system in the interaction picture is
Ω ak |e k f | + H.c.,
λ k a 2 |e k g| + H.c.,
We assume that the initial state is |Ψ 0 = 1 √ 2 (|f g + |gf ) 1,2 |gg 3,4 |0, 0 c 1 ,c 2 |0 f which is a two-atom entangled state. The system evolves into the subspace spanned by 
We regard the atoms in the same cavity as an integral whole as they are indistinguishable.
Like Sec. IV, we describe the excited states of the atoms in the cavities as
The atomic transitions |Ψ 2 ↔ |Ψ g is coupled to the cavity mode with an effective coupling strength λ, so is |Ψ 4 ↔ |Ψ g , where |Ψ g = |gggg 1,2,3,4 and λ k = λ/ √ 2. By choosing Ω a1,a2 = Ω p and Ω a3,a4 = Ω s , we rewrite the Hamiltonian in Eq. (41) with the basis vectors in Eqs. (42) and (43) as
H ac = λ|Ψ 2 |cf 0 ϕ 3 | + λ|Ψ 4 |cf 0 ϕ 9 | + H.c.,
|gg 1,2 (|eg + |ge ) 3,4 |00 c 1 ,c 2 |0 f and |cf 0 = |00 c 1 ,c 2 |0 f . It is obvious that the present Hamiltonian has the same form with that in Eq. (4). When we choose
the shortcut is obtained. The whole system is approximatively described as
When t = t f , the finial state is
In fact, the present scheme can be generalized to implement the transition of a M-atom W entangled state via trapping M atoms in respective cavities c 1 and c 2 , and setting λ k = λ/ √ M.
VI. NUMERICAL SIMULATION AND DISCUSSION
We will first analyze the relation between the cavity-fiber coupling v and the interaction time t f as v plays a great important role in the evolution. The fidelity F 7 of the target state The amplitude of the laser pulses in Eq. (19) inverses proportion to the coupling v, and the smaller the amplitude is, the longer the interaction time is. Consequently it is wise to choose v = g in our method. What is more, Fig. 2 shows that in the present case, the shortest interaction time required for an ideal population transfer from |ψ 1 to |ψ 7 is only about 8/λ. The time dependences of Ω 1 (t)/λ and Ω 2 (t)/λ are shown in Fig. 3 (a) versus λt when ǫ = arcsin 0.25, t f = 10/λ and v = λ. The amplitude of the laser pulses Ω 0 is 1.05λ which meets the conditions mentioned above. And such an intensity is safe to assume linear optic models. Similar laser amplitude has been used and discussed in Refs. [25, [45] [46] [47] [48] . In Ref.
[47] proposed by Song et al., even high drive intensity Ω 0 = 5 √ 2λ ≈ 2.6591λ was used. Fig. 3 (b) shows the time evolution of the populations in states |ψ 1 and |ψ 7 . We contrast the interaction time required for achieving the target state via adiabatic process with the present STAP method in Fig. 3 (c) . The result obviously shows that the present STAP method effectively shorten the interaction time than the adiabatic method even with the same laser intensity (we choose Ω 1 = λ sin β and Ω 2 = λ cos β in the adiabatic method). A similar process in an adiabatic scheme in Ref. [46] shows that the interaction time required to achieve the target state is almost t f = 250/λ when all the populations of the excited states should be restrained to reduce the influence of dissipation. To demonstrate the conditions for the STAP process are fulfilled, especially, the condition that the state |µ 1 is negligible during the evolution, we plot Fig. 3 (d) in case of {ǫ = arcsin 0.25, t f = 10/λ}. We find that the states |µ 3 and |µ 4 remain negligible all the time and the state |µ 1 is very slightly populated but still considered as negligible since the maximum value of its population is only 4.36%. Besides, from Eq. (8), it is evident that the population of the state |µ 2 has a spacial relationship with λt f :
where C = (χπ cot ǫ sin β cos β)/2v. Though the STAP process is constructed based on nonadiabatic processes, the dark state |D still can approximatively describe the evolution of the system because the adiabatic condition has not been absolutely destroyed. That is also why Eq. (48) is still useful to describe the population of the state |µ 2 . And the result of Eq.
(48) shows that there is an inverse relationship between P and λt f , that means, increasing the population of the state |µ 2 is a simple and effective way to shorten the interaction time.
Moreover, we have mentioned above that the state |µ 2 can only be transformed from the state |µ 1 . Therefore, under the premise of the negligible state |µ 1 during the evolution,
properly increasing the population of the state |µ 1 is of helpful to shorten the interaction time (this result also applies to most of the adiabatic schemes when the decoherence is not taken into consideration).
In Fig. 4 , we analyze the efficiency of the STAP for the generation of Bell entangled states. Figure. 4 (a) displays the time evolution of the populations in states |ψ 1 , |ψ 7 and |ψ a in the first STAP for Bell-state generation, and we give a comparison between the performances of the fidelity of the two-atom Bell state based on the first STAP method for Bell-state generation and an adiabatic passage method governed by an Hamiltonian whose form is the same as that in Eq. (4) with parameters {Ω 1 = λ sin β, Ω 2 = λ cos β, t f = 60/λ} satisfying the adiabatic condition. Figure. 4 (c) shows the populations in states |ζ 1 , |ζ 7 and |ζ 9 in the second STAP for Bell-state generation, and the second STAP method is contrasted with adiabatic passage method for the two-atom Bell state, demonstrating that the STAP method is much faster when one more atom is used. The green dashed curve in Fig. 4 (d) is plotted based on a model with two atoms trapped in a cavity whose interaction Hamiltonian is H = k=1,2 Ω k |e k f | + λa|e k g| + H.c., and the parameters {Ω 1 = 0.5λ(sin β)
1.2 , Ω 2 = λ(cos β) 1.2 , t f = 60/λ} are set to satisfy the adiabatic condition.
These models and parameters are chosen according to the principle of fair comparison. Both gives the comparison between STAP method and adiabatic method for W state generation.
We choose parameters {ǫ = arcsin 0.02, t f = 100/λ} to satisfy the adiabatic condition in the adiabatic method. As a matter of fact, the STAP methods for GHZ state and W state generations are equivalent to the first and second STAP methods for Bell-state generations, respectively. When M = 2, the STAP methods for M-particle-entangled-state generations are exactly the STAP methods for the Bell-state generations. From the result of analysis, a significant inference is obtained: the interaction time required for each of the generations of GHZ state and W state is irrelevant to the number of qubits. Whereas, when there are too many atoms trapped in the cavity c 2 , the system is possibly not safe to assume linear optic models since the couplings λ s is proportionally reduced while Ω s (t) remains unchanged in
Sec. IV C if we do not change the parameters. Therefore, in fact, the shortest interaction time required for W state generation is limited by the number of qubits. But that only causes a small effect on the STAP method since even when M = 100, we can still choose the interaction time as t f = 50/λ which is still much shorter than that in an adiabatic method to make sure the system is safe to assume linear optic models (in this case, Ω 0 ≈ 2λ s ). Figure   5 (e) shows the time evolution of the populations for the initial entangled state |Φ 0 and target entangled state |Ψ f in the scheme of transition of two-atom entangled state when ǫ = arcsin 0.25, t f = 10/λ and v = λ. It is merited that Fig. 5 (e) is as the same as Fig. 3 (b), the reason for this phenomenon is also that the Hamiltonian in Eq. (44) is precisely the same to the Hamiltonian in Eq. (4). And Fig. 5 (f) is the two-atom entanglement transfer via adiabatic passage in case of {t f = 300/λ, ǫ = arcsin 0.02}.
As is known to all, whether a scheme is applicable for quantum information processing and quantum computing depends on the robustness against possible mechanisms of decoherence.
The dissipation has not been taken into account in the above discussion. And once the dissipation is considered, the evolution of the system can be modeled by a master equation
where the L k 's are the so-called Lindblad operators. For the first scheme, there are seven
Lindblad operators:
where κ m (m = 1, 2) are the decays of the cavities, κ f is the decay of the fiber, and Γ n (n = 1, 2, 3, 4) are the spontaneous emissions of atoms. We assume κ m = κ c and Γ n = Γ/2, in the interest of simplicity. Adiabatic passage technique has an advantage that the fidelity of the target state is independent of the fiber decay and atomic spontaneous emission because the intermediate states including the excited state of the fibers and atoms are always adiabatically eliminated, and the decoherence is usually caused by the cavity decay since the dark state always includes the terms including the cavity-excited states. We prove this by numerical simulation shown in Fig. 6 (a) . Figure 6 (a) displays the fidelity F 7 versus each of the three noise resources when the other two are zero via adiabatic process (we choose parameters {ǫ = 0.02, t f = 100/λ} to satisfy the adiabatic condition). Figure 6 (b) shows the relationship between F 7 and the three noise resources via STAP. Contrast these two figures; the benefits of the STAP method are shown obviously; though the STAP method is a little more sensitive to the fiber decay and atomic spontaneous emission, it is far more robust again the cavity decay than the adiabatic method. In a word, the STAP method is not only fast but also robust.
The decoherence, as a general rule, is dominated by the populations of the excited states and the total operation time. In the previous articles, the decoherence is always refrained by decreasing the populations of the excited sates. However, the excited states are required to speed up the transfer in the present STAP method. Therefore, we plot Fig. 7 (a) to demonstrate that in the present case, the decoherence is mainly dominated by the total operation time rather than the populations of the excited states. The result obviously shows that the fidelity is the highest when the operation time for achieving an ideal target state is the shortest i.e., t f = 8.9/λ. And the fidelity decreases gradually as λt f increases while oscillating. When t f < 8.9/λ, as the conditions for constructing STAP are no longer faultlessly satisfied, the fidelity is lower than that when t f = 8.9/λ. The maximum populations of the intermediate states |φ 0 and |µ 2 which practically cause the decoherence versus λt f are shown in Fig. 7 (b) . The maximum populations clearly decrease with the increasing of λt f .
Join up these two results, an inference is drawn, that is, at least when 9/λ ≤ t f ≤ 20/λ, the decoherence is mainly dominated by the total operation time since decreasing the populations of the excited sates does not obviously refrain the decoherence. . However, the second scheme of Bell-state generation is actually equivalent to the scheme for FPT. That means the population for each of the effective excited states in the second scheme is twice as large as that in the first scheme at any time during the evolution. can only excite one of atoms in cavity c 2 . In other words, the holistic spontaneous emissions of M atoms is equivalent to that of one atom in the cavity c 2 . The result applies to the scheme of the transition of entangled states as well.
Finally, we present a brief discussion about the basic elements in the real experiment.
The cesium atoms can be used to implement the schemes, the state |g corresponds to F = 3, m = 2 hyperfine state of 6 2 S 1/2 electronic ground state, |a corresponds to F = 3, m = 4 hyperfine state of 6 2 S 1/2 electronic ground state, |f corresponds to F = 4, m = 3 hyperfine state of 6 2 S 1/2 electronic ground state, and |e corresponds to F = 4, m = 3 hyperfine state of 6 2 P 1/2 electronic state. An almost perfect fiber-cavity coupling with an efficiency larger than 99.9% can be realized using fiber-taper coupling to high-Q silica microspheres [49] . The fiber loss at 852-nm wavelength is only about 2.2 dB/Km [50] , in this case, the fiber decay rate is only 0.152 MHz. While in recent experimental conditions [51, 52] , it is predicted to achieve a strong atom-cavity coupling λ = 2π × 750 MHz. That means the fiber decay can actually be neglected in a real experiment with these parameters. And by choosing another set of parameters (λ, Γ, κ c ) = (2500, 10, 10) MHz in the microsphere cavity QED experiment reported in [52, 53] , the fidelities of all of the STAP schemes in this paper are higher than 99%.
Till now, all the above description and discussion are based on atoms are trapped in two distant cavities which are connected by a fiber, in fact, the present STAP can also be generalized to the system with N (N ≥ 2) atoms respective trapped in N cavities which are connected by N − 1 fibers [54] . In such a system, there exist only one eigenvector parts which are independent of each other. After discarding most of the parts except S 0 and S 1 whose eigenvalues are Zero and closest to zero, respectively, the effective Hamiltonian which has the same form as that in Eq. (10) is easily obtained, and then the STAP can also be constructed to realize the fast and noise-resistant population transfer, quantum entangled states preparation, and quantum entangled states transition in multi-cavity-fiberatom combined system.
VII. CONCLUSION
"Shortcuts to adiabatic process" provides alternative fast and robust processes which reproduce the same final populations, or even the same final state, as the adiabatic process in a finite, shorter time. In general, the operation time for a method is the shorter the better, otherwise, the method may be useless. Many experiments of quantum information science also desire fast and robust theoretical methods since high repetition rates contribute to the achievement of better signal-to-noise ratios and better accuracy. Therefore, in this paper, through dividing the whole system into parts, we construct shortcuts in different parts in the same time, and implement the fast quantum information processing via the STAP. Different schemes are proposed to perform fast population transfer, entanglement states generations, and entangled states transition. Through using the STAP, the problem of proposing effective schemes which are not only fast, but also robust to perform population transfer, prepare entanglements and implement entangled states transition in multi-cavity-fiber-atom combined system have been successfully overcome. Numerical simulation demonstrates the all of schemes are fast and robust versus variations in the experimental parameters and decoherence. Moreover, similar operations can also be applied to other cavities QED systems, for example, multi-cavity-cavity coupled system, to realize fast and noise-resistant quantum information processing. We believe that the present work is promising and will make great The atomic level configuration for the atoms with the auxiliary ground state |a in the schemes of
Bell-state and GHZ-state generations. 
